Increasing research attention has focused on the use of stem cells (SCs) in regenerative and reparative medicine. Adipose-derived regenerative cells (ADRCs) are a relatively cheap and ethical source of SCs. Temporomandibular disorders (TMDs) have been reported with rising incidence over recent decades. The main aims of this study were to evaluate the effects of ADRCs application on the healing of both soft and hard temporomandibular joint (TMJ) tissues, and to assess the possible utilization of ADRCs in TMD treatment. We investigated the effects of human ADRCs on the healing of TMJ defects in immunodeficient rabbits. With no prior cultivation, ADRCs were applied to a surgically created defect in the cartilage of a rabbit TMJ. The healing process and inflammatory response were examined. Our results indicated that ADRCs supported repair processes in soft tissues. However, ADRC treatment induced a significant immune response in both soft and hard tissues, with hard tissues showing a higher level of bone remodelling. Non-differentiated ADRCs can be a promising tool for regenerative medicine of TMJ; however, deeper understanding of their effect on the cellular level is needed.
, as well as pancreatic endocrine cells that produce insulin, glucagon, and somatostatin (Timper et al. 2006 ). An in vitro study of rheumatoid arthritis reported that ADSCs exhibited immunomodulative effects, reducing the production of some proinflammatory cytokines and increasing production of the anti-inflammatory cytokine IL-10 and of antigen-specific regulatory T-lymphocytes (Gonzalez-Rey et al. 2010) . However, the specific mechanisms underlying these processes remain unclear. The ADSCs can also accelerate neovascularisation. An investigation of skin healing in diabetic mice revealed that the ADSCs can increase expression of the vascular endothelial growth factor (VEGF) and the hypoxia-inducible factor 1-alpha (HIF-1α) (Miranville et al. 2004; Gao et al. 2011) . Another promising therapeutic use of ADSCs is in the treatment of ischaemiacaused pathologies (Moon et al. 2006) . Experiments using bioactive glass or β-tricalcium phosphate scaffolds seeded with autologous ADSCs have been conducted to examine the role of ADSCs in healing jaw and skull injuries. The authors reported successful integration of the construct with the surrounding skeleton in 10 of 13 cases (Sandor et al. 2014) .
While the stem cells' immunomodulative character and influence on tissue healing can be beneficial in reconstructive surgery and healing of problematic wounds, there is also a cancerogenic potential. It was shown that ADSCs co-cultivated with cancer cells can increase their multiplying (Yu et al. 2008) . Notably, in breast cancer, both local and intravenous administration of ADSCs reportedly induces tumour cell proliferation and increases the risk of metastases (Muehlberg et al. 2009 ). Studies have also described the use of undifferentiated xenogenous ADSCs in the rabbit, for treatment of neural tissue (Lasso et al. 2015) or osteochondral defects (Jang et al. 2014) .
In this study, we used a relatively cheap and ethically sourced heterogeneous population of cells from adipose tissue, termed human adipose-derived regenerative cells (ADRCs). These cells include ADSCs, endothelial cells, smooth muscle cells, haematopoietic cells, and other stromal cells. Compared to pure ADSCs, ADRCs are easier and less expensive to obtain, and are already used in clinical practise at our hospital. We used a rabbit model because this animal is easy to breed and is bigger than mice or rats, and thus more suitable for some types of studies, including investigations of the TMJ. The present study was designed to examine the suitability of direct application of unfiltered ADRCs in a rabbit model for TMJ research, as well as the effects of such xenogenous cells on the healing of TMJ defects.
Materials and Methods

Animals and immunosuppression
Seventeen 10-month-old male outbred New Zealand White SPF rabbits (strain Crl:KBL) were obtained from Charles River Laboratories, Inc. (Wilmington, USA). These rabbits were individually housed in wiremesh cages at an animal care facility with controlled environmental conditions at the University of Veterinary and Pharmaceutical Sciences Brno, Czech Republic. The room temperature was maintained at 20-23 °C, with 40-55% relative humidity, and a 12-h light/dark cycle. The rabbits had free access to water, and were fed a complete pelleted diet and hay ad libitum. This study was performed in accordance with the ethical principles stated in the Declaration of Helsinki and approved by the Ethics Committee of the Faculty of Veterinary Medicine, University of Veterinary and Pharmaceutical Sciences Brno, approval No. 30307/2013-11. The animal housing, handling, and euthanasia were approved by the Branch Commission for Animal Welfare of the Ministry of Agriculture of the Czech Republic (project PP52-2013 UVPS).
After a three-week acclimatization period, the 17 rabbits were randomly divided into two groups: 9 in the experimental group and 8 in the control group. Prior to surgery, immunosuppression was induced in all rabbits via intramuscular administration of 2 mg/kg dexamethasone sodium phosphate (Dexamed, Medochemie Ltd, Limassol, Cyprus) three times at 6-h intervals (Jeklova et al. 2008) . After surgery, all rabbits were administered 2 mg/kg of dexamethasone sodium phosphate 15 times at 2-day intervals (Jeklova et al. 2008 ).
Isolation of ADRCs
Adipose tissue was obtained from a single patient undergoing elective lipoplasty at the University Hospital Ostrava, with this patient's informed consent. The ADRCs were isolated from the adipose tissue using the Celution 800/CRS system (Cytori Therapeutics, Inc., San Diego, CA, USA). In this closed system process, the adipose tissue was digested with Celase TM Reagent (Cytori Therapeutics, Inc., San Diego, CA, USA). Figure 1 shows the cell type proportions according to the manufacturer. The collection of adipose tissue from human volunteers was approved by the Ethics Committee of FN Ostrava (Approval No. 654/2014).
Experimental surgery
The animals were placed under total anaesthesia, and open surgery was performed. The incision was made in the parotidomasseteric region, approximately 3 cm cranioventrally from the auricle base. Using a rotational tool with a spherical head, we created two defects in the condyle. Into these defects, we added 1 ml human ADRCs in the experimental group, and 1 ml saline in the control group. Prior to the final suture, the wound was flushed with 0.5 ml human ADRC solution in the experimental group, and 0.5 ml saline in the control group (Plate III, Fig. 2 ).
Histological assessment
The animals were euthanized at two time points: 11 days (four from the experimental group, four from the control group) or 28 days (five from the experimental group, four the from control group) after the surgery. Joints were harvested together with the surrounding soft tissues. Samples were fixed in 10% buffered formaldehyde for 3 days, and then decalcified in EDTA solution with 4% formaldehyde for approximately one year. We prepared 5 μm thick paraffin sections, and then soft tissues were stained with haematoxylin and eosin, and hard tissues were stained with haematoxylin and eosin and Alcian blue. These histological sections were evaluated by two pathologists, with a focus on inflammatory and healing processes ( Table 1 ). The validity of our results was verified using the STATISTICA software (StatSoft s.r.o., Pilsen, Czech Republic).
Results
Soft tissue healing after ADRC application
At 11 days after surgery, both the experimental and control groups showed notable inflammatory reactions in the soft tissues. Compared to the control group, the ADRCtreated group showed less pronounced inflammatory infiltrate around the area of suture. The ADRC-treated animals also showed higher occurrence of Langhans giant cells and eosinophilic granulocytes in the inflammatory infiltrate, and a higher degree of necrotic changes in the soft tissues. Moreover, compared to samples from the control group, samples from ADRC-treated animals showed lower proliferation of newly formed fibrovascular tissue. At 28 days after surgery, both groups showed the same amount of inflammatory infiltrate. Compared to the control group, the ADRC-treated animals showed higher occurrence of Langhans giant cells and necrotic changes, and more proliferation of granulation tissue. On the other hand, the experimental group showed a slightly higher angiogenesis rate compared to the control group.
Hard tissue healing after ADRC application At 11 days after surgery, the experimental and control groups showed similar degrees of newly formed cartilage. Compared to the control group, the ADRC-treated group showed more evidence of necrosis, as was observed in soft tissue. In one case, necrosis progressed to resorption of cartilage and bone, which was microscopically confirmed (Plate III, Fig. 3 ). The experimental group showed a higher amount of osteoclasts than the control group (Fig. 4) . Compared to the control group, the ADRC-treated group showed a thicker layer of fibrosis underlying the defect, a lower frequency of fibrovascular tissue. + present; -not present. Fig. 4 . Numbers of osteoclasts in the temporomandibular joint (TMJ) condyle during healing. Intact = normal rabbit TMJ condyle. ADRC -adipose-derived regenerative cell. Y axis shows the osteoclastto-100 osteoblasts ratio (absolute value). Significance: * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001
At 28 days after surgery, the ADRC-treated animals showed a more pronounced inflammatory reaction in the hard tissues compared to the control group. Surprisingly, the control group exhibited more newly formed cartilage than the experimental group. The two groups did not significantly differ regarding the layer of the fibrosis underlying the defect, or the amount of osteoclasts (Fig. 4) . Similarly, the groups did not significantly differ in the other investigated indicators, such as the distance of the osteoblast activity from the experimental defect.
Discussion
Among the widely used laboratory animals, the pig is the only omnivore having a TMJ condyle similar in size to humans, along with a similar dentition type and means of joint loading during mastication (Stembirek et al. 2012 ). However, the use of a pig model has several drawbacks, including the high cost, the time required for histological assessment of hard tissues, and the more complicated immunological preparation of animals for transplantation of heterologous biologic material. Rats and mice were not suitable for the present research due to the small size of their TMJ, and its morphological differences from the human TMJ. Carnivores, such as dogs and cats, were not considered due to ethical reasons. These factors led us to use rabbits as our animal model. The rabbit TMJ shares several important similarities with the human TMJ, and is larger than the rat or mouse TMJ. Moreover, the rabbit TMJ model has been successfully used in other studies (Ali and Sharawy 1996; Ahtiainen et al. 2013; Embree et al. 2016) .
The morphological complexity of the TMJ limits the options for surgical resolution of serious TMJ dysfunctions and injuries. Any surgical intervention in this area is burdensome for the patient. Joint transplants often have a restricted service life, and full joint function is not always maintained. Cell therapy is considered a promising tool in regenerative medicine (Madeira et al. 2015; Mardones et al. 2015) . Joint prostheses and scaffolds with stem cells are under development, which may facilitate the integration of implanted bone or other tissues, decrease GvHD (graft-versus-host disease), and improve healing (Murphy et al. 2013) .
A previous study describes the use of ADSCs in a therapeutic method for treating inflammatory and degenerative TMJ disorders (Detamore and Athanasiou 2003) . Adipose-derived stem cells are typically recruited to injury sites, where they assist in injured tissue repair and regeneration, and locally differentiate into smooth muscle or endothelial cells that can participate in angiogenesis and neovascularisation (Lin et al. 2010) . Adipose-derived stem cells can also differentiate into other tissue-specific cells, such as adipocytes in adipose tissue or chondrocytes in cartilage. Since they exhibit good chondrogenic potential in vitro and can assist in cartilage repair, they are theoretically better candidates for treatment of degenerative or inflammatory disorders than current medications (Shen et al. 2015; Wu et al. 2015) . Direct application of ADRCs is the preferred method of use, since it minimizes the surgical interference with the integrity of the damaged joint; an outpatient procedure, such as arthrocentesis or arthroscopy, would be sufficient. The ADRCs could potentially help with regeneration and repair processes, reduce inflammatory reactions, and directly integrate into the damaged tissue, contributing to its reconstruction.
In this study, we used ADRCs, which are heterogeneous cell population that includes stem cells. One previous study tested a suspension of non-differentiated SCs for TMJ regeneration in rabbits with osteoarthritis (Chen et al. 2013) . The animals in one group were treated with autologous non-differentiated bone marrow stromal stem cells (BMSCs), while the second group was treated with chondrogenic differentiated BMSCs. The study results show that the non-differentiated SCs had a significantly smaller effect on joint healing compared to the differentiated cells. Mapping of the BMSCs' fate revealed their survival in cartilage, subchondral bone, and synovial membrane for at least four weeks. The authors suggest that a suspension of autologous BMSCs can improve TMJ regeneration and slow the process of cartilage destruction in an osteoarthritic joint (Chen et al. 2013 ).
To our knowledge, no prior studies have investigated the application of human ADRCs in immunodeficient rabbits, or have described the effects of undifferentiated ADSCs in the TMJ region. Some authors consider successful differentiation to be a crucial step (Chen et al. 2013) . In studies showing good results following the application of undifferentiated mesenchymal stem cells in joint osteoarthritis, the applied suspension has usually contained stem cells along with other factors that may have affected the results, such as plateletrich plasma (Koh and Choi 2012) . Prior reports also describe the use of undifferentiated xenogenous ADSCs in rabbits for treating neural tissue (Lasso et al. 2015) or osteochondral defects (Jang et al. 2014) . These authors claim that even undifferentiated SCs can reduce the immune response and support better healing of defects. On the other hand, application of undifferentiated ADSCs during cornea xenotransplantation in rabbits did not influence the immune response or result in better graft integration. However, this treatment did increase inflammatory markers and neovascularisation (Fuentes-Julian et al. 2015) . Most current data suggest that SCs can increase the proliferation of newly formed tissues. Accordingly, we found that prechondral fibrosis was more frequent in the experimental group, which may reflect an increased rate of repair processes in the treated joints (Murphy et al. 2013) We considered the difference in osteoblast-to-osteoclast ratio to be a valid indication of bone remodelling and inflammatory response. This information can be easily obtained by light microscopy examination (Tanaka et al. 2005) . We assumed that an increased number of osteoclasts signified a higher rate of bone remodelling. According to this assumption, the ADRC-treated animals showed a higher bone remodelling rate at 11 days after surgery compared to the control animals.
Prior studies have also suggested that SCs have benefits due to their immunomodulatory character (Bartholomew et al. 2002; Le Blanc et al. 2003; Tse et al. 2003; GonzalezRey et al. 2010; Murphy et al. 2013) . However, our present results indicated that ADRCs had the opposite effect, as evidenced by the more pronounced inflammatory reaction in ADRC-treated joints. It is possible that this effect may have stemmed from the use of heterologous cells.
Adipose-derived regenerative cells contain endothelial cells and ADSCs, and can reportedly induce neovascularisation due to increased VEGF expression in the treated tissue (Miranville et al. 2004; Zhu et al. 2010; Gao et al. 2011; Matsugami et al. 2014) . Our results confirmed this expectation, with a higher number of vessels observed in soft tissues in the experimental group compared to the control group.
To prevent GvHD, we used an immunosuppressive protocol tested for rabbits (Jeklova et al. 2008) . Despite this measure, we observed a higher than expected immunologic response to the heterologous cells in the experimental group. Our results did not confirm the previously described immunomodulative effects of ADRCs and ADSCs (Bartholomew et al. 2002; Le Blanc et al. 2003; Tse et al. 2003; Zhu et al. 2010) . However, our present data do not enable us to determine whether this was due to the stem cells themselves or to the heterologous character of the ADRCs.
In conclusion, this study was designed to evaluate the potential of unprocessed ADRCs for TMD treatment. Adipose-derived regenerative cells have the advantages of being simple to use, requiring reduced time, providing increased comfort for the potential patient, and lowering the procedure costs. Our present results indicated that ADRC treatment promoted a slight increase of newly formed vessels in soft tissues, which can be considered a marker of improved reparative processes. Application of the ADRC suspension resulted in a stronger inflammatory reaction and a more pronounced foreign body reaction compared to the control group. These observations can be explained by the fact that the applied ADRCs were heterogeneous, such that an immune-mediated reaction occurred despite immune suppressive therapy. Compared to controls, the ADRC-treated animals also showed a higher rate of bone remodelling. Overall, we conclude that ADRCs may be a promising tool for TMD treatment. Further studies are needed to better understand their effects on tissues in vitro.
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